We estimated the cellular myosin, actin, and tropomyosin contents of vascular smooth muscle from (1) seven major arteries, (2) seven large veins, and (3) the first through third order branches of the uterine vasculature to determine whether variations in the contractile apparatus contribute to the functional diversity of vascular smooth muscle. We obtained the estimates by quantitative densitometry of stained polyacrylamide gels after electrophoresis of sodium dodecyl sulfate-treated tissue homogenates. No differences in cellular myosin content were found (18.7 ± 1.0 mg/g cell wet weight in arteries vs. 17.2 ± 0.7 in veins). However, the actin and tropomyosin contents were higher in arteries (49.7 ± 2.9 and 13.1 ± 0.8 mg/g cell, respectively) than in veins (25.5 ± 1.4 and 7.0 ± 0.3 mg/g cell). These differences persisted in the smaller uterine vessels. The higher contents of thin filament proteins in arteries, compared with veins and several other smooth muscle tissues previously studied, may underlie the high force generating capacity of arterial smooth muscle. Ore Res 45: [661][662][663][664][665] 1979 
VERTEBRATE smooth muscles are morphologically and physiologically heterogeneous, and variations in the proteins of the contractile system may contribute to the diversity in contractile function. The contractile apparatus of smooth muscles contains more actin and less myosin compared with striated muscle (Murphy et al., 1974; Cohen and Murphy, 1978) . Furthermore, porcine arterial smooth muscle has a significantly higher cellular actin content and a higher actinrmyosin weight ratio than have intestinal, uterine, esophageal, and tracheal smooth muscles (Cohen and Murphy, 1978) . Since functional variations among vascular smooth muscles may arise from similar quantitative differences, a comparative study of contractile protein contents and ratios from a variety of porcine blood vessels was undertaken.
Methods
The methodology for estimating the total myosin, actin, and tropomyosin contents in small samples of different smooth muscles has been described in detail (Cohen and Murphy, 1978) and is schematized in Figure 1 . It is based on quantitative densitometry of stained polyacrylamide gels after electrophoresis of sodium dodecyl sulfate (SDS)treated tissue homogenates. The SDS treatment extracts the denatured sarcoplasmic proteins from the tissue, and the various polypeptide chains mak-ing up each protein migrate on the gels with an electrophoretic mobility proportional to their molecular weights.
This method is subject to a number of potential errors, including incomplete protein extraction or proteolytic losses, errors in identification of peptides on the gels or failure to separate peptides with similar mobilities, difficulties in quantitation, and problems in comparing tissues with differing fractions of smooth muscle cells.
1. Essentially complete denaturation and extraction of the contractile proteins was demonstrated by the failure of repeated extractions to remove further proteins (Seidel and Murphy, 1979 ); by constancy of quantities of extracted protein with changes in the time, temperature, or concentration of denaturing agents in the solutions; and, in the case of myosin, by confirmation of the results of this procedure with independent methods (Murphy et al., 1974) .
2. Protein loss by proteolysis was unimportant, as shown by quantitative recovery of known amounts of contractile proteins added to tissue samples and carried throughout the procedure (Seidel and Murphy, 1979) .
3. Precise identification of the actin, tropomyosin, and myosin heavy chain peaks was made by adding purified actin, tropomyosin, and myosin to the tissue samples. No differences in subunit mobility were found among these proteins isolated from skeletal, arterial, or intestinal sources (Murphy et al., 1974; Cohen and Murphy, 1978) . The banding pattern of a wide variety of smooth muscles of arterial, airway, gastrointestinal, and reproductive organ origins from the pig was consistent (Cohen and Murphy, 1978) , and those obtained with the vascular tissues in this study were homogeneous. VOL. 45, No. 5, NOVEMBER 1979 (upper trace) and the modified pattern when homogenates were incubated in 8 M urea for 2 hours before electrophoresis. The urea treatment reduces the mobility of the two tropomyosin peptides from a value corresponding to a chain weight of about 37,000 daltons to a value expected for a 55,000-dalton subunit. This shift permitted estimates of tropomyosin which were not compromised by the presence of substantial amounts of other proteins migrating with tropomyosin in the SDS system (Cohen and Murphy, 1978) . Tissue protein contents were quantified using standard curves obtained by densitometry of stained gels after electrophoresis of known amounts of purified myosin, actin, and tropomyosin.
4.
A major potential artifact would be the presence of other proteins in the tissues with the same mobility on the gel system as the myosin heavy chains, actin, or the tropomyosin subunits. This would lead to overestimates of protein contents based on densitometry of peak areas. It appears unlikely that contamination is present in the myosin band, as the estimates have been confirmed by independent methods for the pig carotid artery (Murphy et al., 1974) , and the contents of this protein have been consistent for a wide variety of porcine smooth muscles (Cohen and Murphy, 1978;  this study). Our gel system does not permit accurate estimation of myosin light chains. Therefore, we have multiplied estimates of myosin heavy chain contents by 1.19 to obtain total myosin contents, including the 17,000 and 20,000 dalton light chains. Two-dimensional electrophoresis of tissue homogenates, where the peptides are first separated by isoelectric focusing on a pH gradient, followed by further separation by size in the second dimension on an SDS slab gel, revealed that the maximum error in actin determination was 10% (Cohen and Murphy, 1978) . The tropomyosin-containing peak does contain major amounts of another protein. We have taken advantage of the decreased mobility of tropomyosin in urea gel systems to shift this protein to a region of the gel where it can be measured accurately ( Fig. 1 ; Murphy et al., 1974; Cohen and Murphy, 1978) . The consistency of the ratio of actin to tropomyosin (see Results and Discussion) is fairly strong evidence that our determinations of these thin filament proteins are accurate.
5. Quantitation of the proteins requires linearity between the amount of protein in individual gel bands and the urea of the corresponding peaks on densitometer tracings. Furthermore, calibration curves must be obtained for all proteins studied, as differential staining of proteins is a common occurrence. Our calibration curves were unchanged from the previous study (Cohen and Murphy, 1978) . Differential staining of actin, myosin, and tropomyosin from arterial or intestinal sources did not occur with our procedures, although it was evident with a variety of modifications in the protocol (Cohen and Murphy, 1978) . 6. A final area for concern is the variable fraction of the tissues that consists of smooth muscle cells. We estimated smooth muscle cellular fractions of each tissue from measurements on low power (1880X) electron micrographs of 20 random fields (Cohen and Murphy, 1978) . Care was exercised to avoid selection of fields with high cell concentrations which often bias such measurements (Jones et al., 1973) . Tissue samples will also contain some endothelial cells and perhaps fibroblasts and other cell types. Since such nonmuscle cells contain contractile proteins, they can bias the results. The effect of this type of error will be considered further in the Discussion.
Tissues examined in this study were the pulmonary, renal, femoral, and uterine arteries, and the superior vena cava, pulmonary, renal, femoral, jugular, hepatic portal, and uterine veins collected at slaughter from approximately 100-kg swine of both sexes. The first through third order branches of the uterine arteries and veins were collected by careful dissection. Some data from a previous study (Cohen and Murphy, 1978) on the aorta, carotid, and coronary arteries have been incorporated into group tabulations to extend this series. Microdissection (Bausch & Lomb Stereozoom 7) of the large arteries provided pure samples of the media. Veins and the uterine vascular branches were processed after careful removal of adhering connective tissue. Each protein content determination requires about 50 mg of tissue, wet weight. Samples were obtained from Tropomyosin 12.5 ± 1.9 11.6 ± 2.0 16.0 ± 2.6 13.5 ± 1.8 10.8 ± 1.4 14.0 ± 1.4 5.9 ± 0.8 6.6 ± 0.6 7.7 ± 1.0 6.4 ± 1. for seven large arteries (this summary includes three arteries from Cohen and Murphy, 1978) and seven large veins. Mean values are also tabulated for five nonvascular smooth muscles of gastrointestinal, airway, and myometrial origin previously obtained (Cohen and Murphy, 1978 Tregear and Squire (1973) , 0.56 measured by Tregear and Squire (1973) , 0.38 reported by Morimoto and Harrington (1974) , and 0.59 calculated from Potter's data (1974) ] plus a value of 0.62 that we obtained in a test of our system on rabbit psoas. The single value for the actinUropomyosin ratio in rabbit psoas was from our experiment. These skeletal muscle actin:myosin weight ratios averaged 0.54 ± 0.04 SEM, a value somewhat larger than an earlier summary estimate (0.33-0.36, Ebashi and Nonomura, 1973) .
space estimates from jugular veins as dissected for the study due to fixation failures, so cellular contractile protein contents were not obtained for this tissue.
The major source of variation among samples of the same tissue was associated with different sets of polyacrylamide gels. This presumably reflects day-to-day variations in polymerization, staining, and destaining. To avoid biasing comparisons among different tissues, each of the six experiments in the two major series reported consisted of duplicate samples of each tissue in the series. Thus, variations in the procedure will be reflected in larger standard errors in the protein content determinations, but will have no systematic effect on the comparisons among different tissues. Student's ttest (Snedecor, 1956 ) was applied as a statistical measure of differences among tissues.
Results
Cellular contents of myosin, actin, and tropomyosin (Table 1) were obtained by dividing the tissue values by the smooth muscle cell fraction of the tissues. Cellular myosin contents were the same in all the vascular smooth muscles examined. However, arterial actin and tropomyosin values were significantly higher (P < 0.01) than the venous contents. These differences were reflected in significantly higher arterial actin:myosin weight ratios, whereas actin:tropomyosin weight ratios were the same for each tissue (Fig. 2) . All vascular smooth muscles had higher actin:myosin ratios than those of skeletal muscle, and venous actin:myosin ratios were indistinguishable from those previously reported for airway, gastrointestinal, and reproductive smooth muscles in the pig (Fig. 2; Cohen and Murphy, 1978) .
Estimates of contractile protein contents in the uterine vessels are shown in Table 2 . Cellular myo- sin values were the same for uterine arteries and veins, whereas arterial actin and tropomyosin tissue values were significantly higher than the venous values. These differences were reflected in significantly higher arterial actin:myosin ratios. Vessel size had no apparent effect on contractile protein contents or ratios (Table 2) .
Discussion
Estimation of cellular protein contents is always difficult unless (1) the proteins of interest have unique distinguishing properties which can be measured in the presence of other proteins, and (2) the tissue consists of a single cell population. Our approach was facilitated by the fact that the structural proteins constitute the great majority of the total protein by weight in muscle. Furthermore, collagen and elastin are not solubilized by the procedures and do not enter the gels. Consequently, we measured constituents with a very high content relative to that of all other proteins. The control experiments used to validate the procedure were summarized in the Methods section. It was not practical to conduct every control experiment on each of the many tissues that have been investigated, but the consistency of the results suggests that the method may be applied to a wide variety of tissues comprised primarily of smooth muscle cells.
The first source of consistency is in the ratio of actin to tropomyosin, which showed no significant variation among 19 different smooth muscles from the pig and in the rabbit psoas muscle. There are ample structural data showing that thin filaments from muscle consist of one tropomyosin molecule associated with seven actin monomers (Mannherz and Goody, 1976) . Assuming a molecular weight of 41,800 for actin (Elzinga et al., 1973) and 70,000 for tropomyosin (Hodges et al., 1973; Fine and Blitz, 1975) , this corresponds to an actin:tropomyosin ratio of 4.18. This theoretical value is close to our estimates ( Fig. 2) and suggests that the individual actin and tropomyosin contents are reasonable. Similar values for the actin :tropomyosin ratio for some smooth muscles were reported by Small and Sobieszek (1977) , although these workers observed more variation.
The cellular myosin content is a second area in which our results were consistent among smooth muscles. Although small differences among tissues would not be detected, it appears that all types of porcine smooth muscle have a fairly constant cellular myosin content. This is analogous to the situation in vertebrate striated muscles, although the latter have 3-4 times more myosin (Murphy et al., 1974) . This difference is appreciated readily when electron micrographs, showing thick and thin filaments in smooth and striated muscle, are compared.
The third area where our results exhibit consistent patterns is in the actin and tropomyosin contents. Seven large veins, three orders of uterine branch veins and five additional smooth muscle tissues of airway, gastrointestinal, and myometrial origin have similar amounts of the thin filament proteins and constant actin: myosin ratios. Strikingly, seven large and three small arteries have similiar thin filament protein contents, but the values and the actin:myosin ratios are greater than in the other tissues. In this respect, arterial smooth muscle appears to be uniquely different from a very diverse array of other smooth muscles.
The preceding considerations suggest that the presence of endothelial cells, fibroblasts, or other nonmuscle cells does not contribute to the quantitative differences between the contractile systems of arterial and venous smooth muscles. The large artery tissue samples were pure media, where smooth muscle is the only cell type (Pease and Paule, 1960; Wissler, 1968 ). Since actin:myosin ratios are very high in nonmuscle cells (Pollard and Weihing, 1974) , the presence of significant amounts of endothelial or other cells would raise actin:myosin ratios in venous or small arterial samples. This type of artifact would only decrease the differences that were found between veins and arteries. Any significant artifact due to the presence of endothelial cells should be seen as an increase in the actin: myosin ratios calculated from successively smaller branches of the uterine arteries and veins. No such trend was apparent (Table 2 ). This type of error might have contributed to an actin:myosin ratio of 2.3 in the hepatic portal vein, which is intermediate between the values for other veins and those for the arteries. However, the actin:tropomyosin ratio for the portal vein also was higher than that of other tissues, so our data for the portal vein may reflect an overestimate of the actin content.
Two conclusions may be drawn from these results. First, there are quantitative differences in the contractile apparatus of vascular smooth muscle, manifested as higher cellular contents of thin filament proteins in arteries. This type of variation does not occur to any significant degree in vertebrate striated muscles, and it seems likely that it is associated with differences in contractile function between veins and arteries. The second conclusion is that differences in vessel size were not associated with differences in contractile protein contents, suggesting that larger arteries (or veins) may provide valid models for the study of the contractile apparatus in smaller vessels.
We have speculated previously that high actin: myosin ratios may be associated with higher absolute force-generating capacities, based on a survey of mechanical data from a variety of smooth muscles (Murphy et al., 1977; Cohen and Murphy, 1978) . The results of this study are consistent with this suggestion, as the maximum isometric force developed for several large arteries [pig carotid (Herlihy and Murphy, 1973) , cow carotid (Laszt, 1960) , dog carotid (Dobrin, 1973) , rat mesenteric (Mulvany and Halpern, 1976) ] substantially exceeds that measured from veins [calf superior mesenteric (Paul and Peterson, 1975) and rat portal vein (Johansson, 1976) ]. The implications of varying amounts of the contractile proteins in terms of filament structure and organization and on force-generating capacities recently have been reviewed (Murphy, 1979) .
